Insect mushroom bodies (MB) have an ensemble of synaptic connections well-studied for their 23 role in experience-dependent learning and several higher cognitive functions. MB requires 24 neurotransmission for an efficient flow of information across synapses with the different 25 flexibility to meet the demand of the dynamically changing environment of an insect. 26 Neurotransmitter transporters coordinate appropriate changes for an efficient 27 neurotransmission at the synapse. Till date, there is no transporter reported for any of the 28 previously known neurotransmitters in the intrinsic neurons of MB. In this study, we report a 29 highly enriched expression of Choline Transporter (ChT) in Drosophila MB. We demonstrate 30 that knockdown of ChT in a sub-type of MB neurons called α/β core (α/βc) neurons leads to 31 eclosion failure, peristaltic defect in larvae, and altered NMJ phenotype. These defects were 32 neither observed on knockdown of proteins of the cholinergic locus in α/βc neurons nor by 33 knockdown of ChT in cholinergic neurons. Thus, our study provides insights into non-34 canonical roles of ChT in MB.
anatomy of MB is intact and there is no apparent developmental defect in the overall 143 morphology of the brain due to knock down of ChT (Fig. 2B ). We found that 144 201YGAL4>ChT RNAi flies develop normally throughout the larval and pupal stages (Fig. 2D) . 145 However, from these observations, we cannot rule out the possibility of any developmental 146 defect in the establishment of neural circuits, caused due to the reduction of ChT. Indeed, the 147 flies are alive till more than P14 stage (Video1). Some of the flies were also unable to push 148 themselves out of the pupal case consequently leading to the death of the flies (Video 2). 10% 149 flies escape, display severe flight and motor defects and die within a day or two ( Fig. 2C and 150 Table 1 ). The escapies also show abnormal abdominal melanization and wing expansion failure 151 (data not shown). To confirm if the eclosion failure is due to knock down of ChT in α/βc 152 neurons, the fly was removed from the pupal case and brain was dissected out. Immunostaining 153 of dissected adult brain of 201YGAL4>ChT RNAi , with anti-ChT, showed significant reduction Since ChT is present ubiquitously in MB, we explored if knockdown of ChT in other lobes of 163 MB also shows similar eclosion failure. We first checked the expression of another GAL4, 164 MB247GAL4, using UASmCD8GFP. The progeny showed strongly labeled α/β surface (α/βs), 165 α/β posterior (α/βp) but a very weak expression in α/βc neurons and ϒ lobe (Fig. 2I) . 166 Knockdown of ChT by expression of UASChT RNAi in these neurons showed significant 167 [8] reduction of ChT immunoreactivity in the adult brain of MB247GAL4>ChT RNAi (Control 168 1.02±0.09, N=9; MB247/ChT RNAi 0.58±0.04, N=12, Fig.2 J-K). However, there was no 169 eclosion failure observed (Fig. 2L ). Since ChT knockdown in α/βs and α/βp neurons did not 170 show any eclosion defects, we assessed for mobility defects in these flies using climbing assay.
171
Flies are negatively geotactic and have a natural tendency to move against gravity when 172 agitated. We did not find any significant climbing defects due to reduction of ChT in α/βs and 173 α/βp neurons as compared to controls ( Fig. S3 A) . We next assessed downregulation of ChT in 174 α'/β' lobe by C305aGAL4 which also did not show any eclosion failure compared to their 175 genetic controls ( Fig. S3 B and Table 1 ).
176
Together, these data suggest that ChT in α/βc neurons play a specific role in eclosion of fly 177 from the pupal case. ChT seems to play, as yet unidentified function in other neurons of MB.
178
These findings also support the idea that ChT may have a differential function in different 179 intrinsic neurons of KC.
180
The function of ChT in α/βc neurons is independent of the cholinergic pathway 181 An earlier study using immunolocalization demonstrated that ChAT and VAChT are absent 182 from MB (Gorczyca and Hall, 1987) . On the other hand, microarray analysis in another study 183 suggested that ChAT and VAChT are present to comparable amounts both inside and outside 184 of MB lobes (Perrat et al., 2013) . More recent study shows that KC expresses ChAT and 185 VAChT and suggest that the majority of KC are cholinergic (Barnstedt et al., 2016) . In the 186 present study, we reinvestigated for the presence of ChAT and VAChT along with ChT by 187 immunostainings. We observed that ChT shows immense immunoreactivity in all the lobes of 188 MB whereas ChAT immunoreactivity is not detectable (Fig. S4 ). Although, VAChT shows 189 little immunoreactivity but from these experiments, we cannot rule out the possibility if it is 190 due to extrinsic neuropilar area. To clarify if there are any cholinergic innervations in MB, we 191 [9] expressed mCD8GFP using ChATGAL4 and co-stained ChATGAL4>ChT RNAi adult brain with 192 anti-ChT. We observed very less amount of mCD8-GFP fibers restricted only to peripheral 193 areas of α/β lobe (Fig. 3A ). However, there is a possibility that these fibers belong to the 194 extrinsic cholinergic processes and not to MB. Taken together, our results suggest that either 195 there are very less number of cholinergic innervations in MB or they are altogether absent. 196 We also investigated if the eclosion failure observed due to depletion of ChT is dependent on 197 cholinergic metabolic cycle or not by downregulating ChT in ChATGAL4>ChT RNAi flies and 198 observed that eclosion was perfectly normal (Fig.3B , Table 1 ). We quantitated the ChT 199 intensity in ChATGAL4>ChT RNAi adult brain and observed a significant reduction of ChT in body muscles (Kimura and Truman, 1990; Rivlin et al., 2004) . This process helps in the 214 forward movement to drive the fly out of the pupal case. To understand the eclosion failure,
215
[10]
we assessed the peristaltic movement of late 3 rd instar Drosophila larvae from caudal to rostral 216 side (forward movement) in 201YGAL4>ChT RNAi flies. We observed that peristaltic counts Discussion: 264 In the present study, we report that ChT is ubiquitously present in MB and its presence in a 265 specific subset of MB neurons called α/βc neurons is important for eclosion from pupae of D. 2014) and FOXP3 in mammals (Li and Greene, 2007) . FOXP is present in MB and has been 314 associated with locomotor defects and memory deficits (DasGupta et al., 2014) . Indeed, we 315 observed similar eclosion failure when we knocked down ChT with Mef2GAL4 (data not 316 shown). In the context of our observations, it is possible that ChT in α/βc neurons is required 317 for the uptake of choline into these neurons, not for ACh synthesis but different regulatory 318 pathway involved in developmental and behavioral processes. This could be the possible reason 319 that we see eclosion failure and locomotory defects due to ChT knockdown but not by reduction 320 of cholinergic proteins. Thus, we propose that ChT maintains required levels of choline in α/βc 321 neurons for different downstream processes other than ACh synthesis.
322
Our findings have important implication in redefining the biological role of ChT to affect 323 downstream pathway which may not be cholinergic. We speculate that ChT may be present in 324 the cell types that require a high amount of choline and not just cells that synthesize ACh. Thus, 325 we anticipate that the role of ChT is much far-reaching than previously thought. Although 326 neuroanatomy of flies and vertebrates are quite distinct but the proteins of cholinergic signaling 327 pathway are highly conserved. We believe that it will encourage further investigation into the 328 developmental role of ChT as well as the role it plays in learning and memory in both 329 invertebrates and higher organisms. The open reading frame of ChT was amplified from cDNA using a gene-specific forward 360 primer (5'AAGAATTCATGATCAATATCGCTGGCG-3') and reverse primer 361 (5'AAGCGGCCGCTCAGAAGGCCGTATTGTCCT3'). The amplified fragment was cloned 362 between EcoRI and NotI site of the pUASt vector and injected into Drosophila embryos for 363 transgenesis.
364
Antibodies and immunohistochemistry of larval and adult brain: 365 The primary antibodies used were: rabbit anti-ChT (1:300, this study), mouse anti-ChAT 
369
For immunohistochemistry, third instar larvae were age-matched and dissected in PBS as 370 previously described (Baqri et al., 2006) . For the adult brain, flies were anesthetized on ice and 371 brain tissue was dissected out in cold PBS. Subsequently, tissues were fixed with freshly 372 prepared 4% paraformaldehyde for 1.5 hr, washed and incubated with primary antibody at 4 o C 373 overnight. Following day, the tissues were incubated with secondary antibodies for 1.5 hr at 374 room temperature, washed and finally mounted in vecatashield in between the bridge prepared 375 by double sided tape in order to avoid squashing of tissue directly under the coverslip. All 376 images were collected using Leica SP8 LSCM using oil immersion 63x/1.4 N.A objective and 377 subsequently processed using Image J 1.50i (NIH, USA). Pupal images were taken using Zeiss
378
Axiocam ERC 5S mounted on Zeiss Stemi2000 CS stereomicroscope.
379
For antibody quantification, three rectangular ROI of 50 X 50-pixel size was drawn over the Plot ver. 12.5. One-way ANOVA followed by post-hoc Tukey test for pairwise comparison 399 was used.
400
Climbing assay: 401 To determine the climbing activity of the flies, the assay vial was prepared by vertically joining each vial three trial readings were taken, allowing for 1 min rest in between each trial. A total 408 of 12 groups were assayed for each genotype. The quantitative and statistical analysis was 409 performed in Sigma Plot ver. 12.5. One-way ANOVA followed by post-hoc Tukey test for 410 pairwise comparison was used.
411
Immunohistochemistry and morphological quantification of NMJs: 412 Third instar larvae were dissected in the calciumfree HL-3 buffer and fixed in 4% 
